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Abstract 
In modern times, the agricultural industry is essential for properly feeding the world’s rapidly 
growing population. Resources have been invested in many scientific areas in an effort to 
discover new ways to assist with increasing the rate of plant growth and crop yield, as well as 
to protect plants from disease and averse conditions. Nanoscience is a new area of research 
that has immense potential for applications with plants. Nanoscience is the science that 
studies nanoparticles (NPs), which are defined as particles of scale of 1-100 nm in a single 
dimension. Researchers have begun testing nanoparticles with plants in recent times. Notably, 
Mesoporous Silica Nanoparticles have been studied with plants, and have been found to be 
capable of storing and transporting important biomolecules through the cell walls, into the 
plant cells.  
This research project specifically focuses on testing the applications of molybdenum disulfide 
(MoS2) nanosheets when they are introduced into plant systems. MoS2 nanosheets have been 
tested for applications in engineering and animal biology, where there have been successful 
studies. In engineering, MoS2 nanosheets have been successfully tested for their photovoltaic 
applications, where it has been shown that they have potential for use with solar panels. In the 
life sciences, the tests of MoS2 nanosheets have shown that they are biocompatible with 
animal cells, which is a promising sign for their use with plants. However, molybdenum 
disulfide nanosheets have only been tested with plants once before. The effects of 
molybdenum disulfide on Oryza sativa rice plants were studied in recent literature (Li et al. 
2018). According to that study, MoS2 concentrations of up to 500 μl/ml are not toxic to rice 
and may exhibit slightly positive effects for plant growth. 
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In this current study, the effects of MoS2 on Arabidopsis thaliana and Zea mays were 
investigated, in order to determine possible phytotoxicity of MoS2 concentrations up to 2000 
μl/ml. The results of the DAB staining and the callose extraction suggest that MoS2 does not 
cause significant toxic responses to Arabidopsis thaliana and Zea mays when applied to the 
leaf in the form of droplets of concentrations up to 2000 μl/ml. It was also observed that the 
MoS2 has the capability of sticking on to the surface of the leaves. However, the results of the 
protoplast isolation were inconclusive. By testing MoS2 with additional plant species and at 
higher concentrations, this study supports the notion that MoS2 does not cause a significant 
increase in plant toxicity. 
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1. Literature Review 
1.1 Introduction 
There have been many methods that have been utilized in the past in order to help plants 
grow quicker and overcome adverse conditions. One emerging area of science that has 
potential for enhancing plants is nanoscience, which is an area of science that is based on the 
manufacture and use of nanoparticles (Capaldi Arruda et al. 2015).  In the area of 
nanoscience, a nanoparticle (NP) is defined as a molecule with a size of 1-100 nm in one 
dimension; the rest of the dimensions can theoretically be of any size (Capaldi Arruda et al. 
2015). This is true no matter the state of the matter that the particle is contained in, whether 
that medium is liquid, solid or gaseous (Capaldi Arruda et al. 2015). According to this 
definition, there is a wide variety of nanoparticle types in existence, as many nanoparticles 
can be 1-100 nm in one dimension while being much larger in another dimension and taking 
the form of nanosheets (Capaldi Arruda et al. 2015; Wang et al. 2013). Nanomaterials are not 
exclusively manufactured by scientists, as there are numerous examples of nanoparticles that 
have been previously found in nature (Capaldi Arruda et al. 2015). For example, 
aluminosilicate-based nanoparticles that were produced from volcanic activity were found in 
the Goshiki-numa pond area (Takagai et al. 2016). There are many other examples of both 
organic and inorganic nanoparticles that can be viewed in figure 1. 
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Figure 1: Inorganic nanoparticles and organic nanoparticles. Some nanoparticles are manufactured, such as gold 
nanoparticles, Qdots, Superparamagnetic iron oxide nanoparticles and paramagnetic lanthanide ions. Other 
nanoparticles can occur in nature, such as dendrimeres, micelles, liposomes and ferritin. This schematic was sourced 
from Xing et al. 2014. 
The vast majority of nanoparticle research found within the literature is related to the 
applications of nanoparticles in engineering, chemistry and mammalian medicine (Tolaymat 
et al. 2017).  However, research on the topic of nanoparticle interactions with plants is also 
starting to become a popular area of study (Tolaymat et al. 2017). There are many examples 
of recent research that is related to nanoparticle-plant interactions. Some examples of recent 
plant-based nanoparticle research include studies with Mesoporous Silica Nanoparticles 
(MSNs), engineered metal oxide nanoparticles, mesoporous Au/SiO2 nanoparticles, bioclay 
nanosheets and engineered gold nanoparticles (Sun et al. 2016; Mitter et al. 2017; Siddiqi & 
Husen 2016; Siddiqi & Husen 2017; Kokina et al. 2017). However, there are many 
nanoparticles that have never been tested in plant systems, and the nanoparticles that have 
already been tested have not been tested thoroughly enough. There is still potential for many 
new discoveries to be made in this field. The current literature shows that research on 
nanoparticle-plant interactions has resulted in both positive and negative interactions 
(Tripathi et al. 2017). 
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1.2 Positive Effects of Applying Nanoparticles to Plants 
Some research has shown that in many circumstances the addition of nanoparticles can 
improve crop performance and positively impact seed germination. For example, Tridax 
procumbens L had improved seedling vigour and increased germination rates after being 
treated with biogenic nanoparticles (Ushahra, Bhati-Kushwaha & Malik 2014). Furthermore, 
an additional study has provided evidence that the addition of Anatase Nanoparticles (TiO2) 
to parsley can have positive effects on its germination rate (Dehkourdi, EH, & Mosavi, M 
2013). Other studies have also shown that some types of nanoparticles, such as iron and 
copper engineered nanoparticles, can be utilised as micronutrients for plants (Tolaymat et al. 
2017).  
Other types of nanoparticles, such as mesoporous silica nanoparticles (MSNs), can be utilised 
as transportation systems that enable biomolecules and drugs to pass through the cell wall and 
into the plant cells (Sun et al. 2014). The MSNs can also be functionalised so that they can 
take up different types of biomolecules, and so that they can contain receptors for the 
activation and release of the biomolecules when the organism begins to face adverse 
conditions (Deodhar et al 2017). Some of the triggers for the release of the encapsulated 
biomolecules are changes in pH, temperature and light wavelengths (Deodhar et al 2017). 
Their ability to act as delivery systems for biomolecules gives MSNs versatility for use 
within an enormous amount of applications that can help with the health of plants (Sun et al. 
2014). MSNs could also be great tools for plant genetic modification, as they can act as 
transporters for the DNA molecules that need to be inserted into the plant cells (Chang et al. 
2013).  MSNs have also been shown to have the ability to carry fluorescent dyes, which 
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makes them very useful for fluorescent microscopy (Sun et al. 2014). However, even these 
very beneficial nanoparticles have been shown to cause phytotoxic effects in plants when 
applied in high concentrations (Sun et al. 2014).  
 
 1.3 Negative Effects of Applying Nanoparticles to Plants 
In some cases the growth and germination of plants has been negatively impacted due to the 
addition of nanoparticles; particularly if the concentration of nanoparticles is high (Tolaymat 
et al. 2017). For example, MSNs have been observed to cause phytotoxicity when applied to 
plants with doses that contain high concentrations (Sun et al. 2014). In addition, Na2SiO3 and 
octahedral molybdenum nanoparticles have also caused phytotxicity when applied to plants 
in high concentrations (Suriyaprabha et al. 2014; Aubert et al. 2012). These results 
demonstrate the importance of limiting the amount of nanoparticles that are administered to 
plants. In addition, research with metallic engineered nanoparticles has shown that they can 
potentially impact the microbial structure and function of the soil, which can have negative 
consequences for its nutritional value in the long term (Siddiqi & Husen 2016).  
Other studies have shown that nanoparticles can potentially have unforseen side-effects if 
they are released in the environment. One example of this is a recent study that has shown 
that some silica-based nanoparticles can cause neurotoxicity to marine creatures (Capaldi 
Arruda et al. 2015). In order to avoid the potential negative consequences to the environment, 
more nanoparticle research is needed so that the side-effects can be discovered. It is possible 
that the treatment of plants with some of the more environmentally unfriendly nanoparticles 
will have to be done in controlled areas, so that the nanoparticles can be contained. When 
compiled together these studies show that the positive effects of nanoparticles in plants are 
usually expressed when the added concentration is low. The negative effects generally 
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manifest if the concentration of nanoparticles is too high. This means that a good balance has 
to be found for every type of nanoparticle that is to be utilised in plant systems. 
 
1.4 Gaps in Nanoparticle Research 
Because nanoparticle-plant interactions have only begun being studied very recently, there 
are still many gaps in the research. For example, there has only been a limited amount of 
thorough tests that were aimed on quantifying the amount of nanoparticles that accumulate in 
specific plant organs and plant cell organelles (Tripathi et al. 2017). Such tests could prove 
useful for uncovering critical knowledge that can help improve the understanding of the 
underlying mechanisms are responsible for the absorption of nanoparticles by plant cells 
(Capaldi Arruda et al. 2015). The observation of these mechanisms can also assist with 
understanding the causes of phytotoxicity after exposure to higher concentrations of 
nanoparticles, which is another area where information is lacking (Kurapati et al. 2016). 
There are also many types of nanoparticles that have never been tested in plant systems. Until 
very recently, the molybdenum disulphide (MoS2) nanoparticle had never been tested with 
any plants. MoS2 is a nanoparticle that comes in the form of a nanosheet. MoS2 nanosheets 
are 2D layered structures that are composed of S-Mo-S planes with covalent bonds, as can be 
seen in figure 2. These nanosheets can be held together by van der Waals forces, which are 
weak enough to allow the outer layers to exfoliate (Wang et al. 2013).  
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The size of the MoS2 nanosheets can 
vary greatly. These nanosheets have 
many interesting properties that 
could prove useful for work with 
plants, such as a high surface to 
volume ratio and the exhibition of 
plasmon resonances, which could be 
useful in cell imaging (Wang et al. 
2015). Recent research has shown that MoS2 can be absorbed by animal cells, and that it is 
biocompatible (Kurapati et al. 2017). There has also been research on the effects of MoS2 on 
Oryza sativa rice plants, which has concluded that the nanoparticle exhibits mostly positive 
effects (Li et al. 2018). This indicates that MoS2 is a nanoparticle that is worth further 
investigation in plant systems. 
 
1.5 The Potential Applications of MoS2 in plants 
MoS2 is a nanoparticle that has recently seen a very large amount of use in industry, within 
electrical (Lembke, Bertolazzi & Kis 2015), mechanical (Raybaud et al. 2018), and 
environmental applications (Wang & Mi 2017). The wide array of applications that MoS2 
currently has potential for suggests that exposure of organisms to MoS2 may be unavoidable 
(Li et al. 2018). For this reason, rigorous study of MoS2 nanosheets must be conducted, so 
that the effects of plant exposure to the nanoparticle can be determined, and so that pre-
emptive measures can be taken if it is found to be dangerous. As stated above, MoS2 
nanosheets have already been demonstrated to have biocompatibility with animal cells in 
Figure 2: Structure of molybdenum disulfide. MoS2 nanosheets are 2D 
layered structures that are composed of S-Mo-S planes with covalent 
bonds. This image was sourced from Radisavljevic et al. 2011. 
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previous research that tested the treatment of cancerous tumours in mice (Kurapati et al. 
2017). This means that MoS2 nanosheets are likely to exhibit biocompatibility with plants as 
well.  
A recent study utilized Transmission Electron Microscopy (TEM) to reveal that MoS2 
nanosheets have the capability of entering the plant cell, despite the additional resistance and 
defence that the plant cell wall provides (Li et al. 2018). The same study additionally 
revealed that MoS2 has a tendency to clump within the plant cell wall, the cytosol, the 
mitochondria, and the vacuoles, which are very important areas within the cell. This 
clumping is likely caused by the van der Waals forces that occur between MoS2 nanosheets, 
which can hold them together but are weak enough to allow the outer layers to exfoliate 
(Wang et al. 2013). The plant cell morphology was also unchanged by the presence of the 
MoS2 nanosheets, according to the TEM images, which indicates that the presence of the 
nanoparticle did not impact the cells to any significantly negative degree (Li et al. 2018).   
The discovery that the MoS2 nanosheets have the capability of passing through the cell wall 
of plant cells is very important, because MoS2 nanosheets have been already shown to have 
several uses in engineering and mammalian medicine that could be relevant to plants as well. 
In engineering, MoS2 nanosheets have been used successfully in photovoltaic systems for the 
enhancement of the light absorption from additional wavelengths, which can assist with the 
production of more energy (Ansari & Mohebbi 2016). This is a discovery that could be 
applied to plant systems, as it suggests that there is potential for the MoS2 nanosheets to 
enhance photosynthesis if they can be inserted into the chloroplasts. The enhancement of 
photosynthesis would possibly be a factor that would lead to increased plant growth. The use 
of MoS2 nanosheets with mammalian organisms has shown that MoS2 nanosheets are not 
only biocompatible, but that they are also biodegradable (Kurapati et al. 2016).  This means 
that the MoS2 nanosheets will break into their constituent atoms after being present within an 
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organism for a period of time. This has potential use, because MoS2 is composed of sulphur 
and molybdenum. Molybdenum is a micronutrient that can assist with plant growth, while 
sulphur is considered to be a plant macronutrient (Barros et al. 2017; Mohd et al. 2011). 
MoS2 has a 2:1 ratio of sulphur to molybdenum (Wang et al. 2013), which is a useful 
configuration in this case, because micronutrients are required in lower concentrations than 
macronutrients. This potential application means that the MoS2 nanosheets can still be useful 
for plant systems, even after they are degraded by the biological processes. Such an 
application for nanoparticles has precedent, because it has been previously demonstrated that 
iron and copper engineered nanoparticles can be used as micronutrients (Tolaymat et al. 
2017).  
Some studies have also indicated that exfoliated MoS2 has powerful antibactierial and 
antifungal properties, by affecting their metabolism and by causing the induction of reactive 
oxygen species (Pandit et al. 2016; Yin et al. 2016). With this in mind, it is possible that the 
presence of MoS2 in plants could provide protection from pathogenic fungi and bacteria, such 
as Phytophthora cinnamomi, which has been one of the most major plant pathogens in 
Australia and it has caused a sever loss of plant biodiversity (Cahill et al. 2008). There have 
also been studies that have indicated that MoS2 nanosheets can be functionalised for different 
purposes, including for storing drugs and biomolecules (Goncalves et al. 2015; Li et al. 
2017). This is potentially useful for the transportation of drugs and biomolecules that can 
assist plants with growth and with survival against infections and adverse conditions. Many 
drugs do not have the capability of passing through the cell wall themselves, so nanoparticles 
like MSNs have been used in the past as transporters that carry the drugs through the cell wall 
(Sun et al. 2014). The study that researched MoS2 with Oryza sativa earlier this year has 
showed that MoS2 can be absorbed into the plant cell and into certain organelles such as the 
mitochondria and the vacuoles, however MoS2 in chloroplasts has not yet been observed (Li 
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et al. 2018). This is a significant finding because it opens the possibility for MoS2 to be 
utilised as a transporter for drug delivery, similar to what has been done with MSNs. The 
MoS2 nanosheets also have a high surface to volume ratio, which makes storing molecules 
within them easier (Wang et al. 2015). They also exhibit plasmon resonances, which may be 
useful for cell imaging (Wang et al. 2015).  
The Oryza sativa study that was conducted this year, showed that MoS2 is lightly beneficial 
to plants when applied in concentrations of up to 500 µl/mg (Li et al. 2018). The growth rate 
and the rate of seed germination slightly increased on treated Oryza sativa plants, and it is 
possible that some of the potential benefits that were mentioned above may be the cause. The 
same study speculated that the action of molybdenum and sulfur as plant nutrients is likely a 
reason why MoS2 provides positive effects on plant growth (Li et al. 2018). One indicator 
that MoS2 had positive effects on Oryza sativa plants was an observed increase in the length 
and biomass of the roots and shoots. In addition, the chlorophyll content index (CCI) and the 
aquaporin gene expression were increased to a significant degree. The study came to the 
conclusion that MoS2 promoted rice growth through multiple different ways. One way was 
the promotion of nitrogen source assimilation. Increased rate of photosynthesis was also 
proposed as a possibility that contributed to the beneficial effects of MoS2, as well as the 
acceleration of the expansion of plant cells and their division (Li et al. 2018). These findings 
provide a more solid framework for understanding MoS2 interactions with plants. The 
findings are also consistent with the findings of previous studies that were conducted with 
other nanoparticles that were applied to plants. Even though MoS2 nanosheets have many 
potential uses with plant systems, it is still possible that they could cause phytotoxic effects if 
they are added in high concentrations. As stated earlier, nanoparticles generally cause 
phytotoxic effects when applied to plants in high concentrations. For this reason, it would be 
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ideal to conduct testing with differing amounts of MoS2, so that the best concentrations can 
be determined for industrial use with plants.  
 
1.6 How to Research MoS2-Plant Interactions 
With all of the information on MoS2 that it currently available, a good way to start MoS2-
plant interaction research would be by determining if MoS2 can cause phytotoxicity in 
concentrations that are higher than 500 µl/mg. This is why the main research question 
proposed by my research project was: ‘Are high concentrations of MoS2 toxic to plants when 
applied to their leaves?’ The main goal of the research project was to determine if MoS2 
nanoparticles are toxic to plants when applied to the leaves in concentrations of 250-2000 
µl/mg. The MoS2 was added onto the leaves of the plants in the form of 5 µl droplets. This 
application method is based on previous nanoparticle studies that have used the same method. 
Bioclay nanosheets are one example of a nanoparticle that was applied to the leaves and 
exhibited beneficial effects (Mitter et al. 2017). This type of nanoparticle also happens to be a 
nanosheet, just like the MoS2 nanosheets that need to be studied. This indicates that there 
could be some similar properties that could allow the MoS2 nanosheets to be useful when 
applied to the leaves. One property that could be similar could be the ability of the 
nanoparticle to stick to the leaf. Since bioclay has been utilised for the controlled release of 
drugs on the leaf surface, such a property could prove to be useful if it was found when 
studying MoS2 (Mitter et al. 2017).  
Another objective of this study was to compare two different species of plants that were 
treated with MoS2. The plants that were chosen were Arabidopsis thaliana and Zea mays 
because they are model plants, and because they represent the differences between monocots 
and dicots well. Another objective of the study was to observe the effects of MoS2 on isolated 
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protoplasts of both Arabidopsis thaliana and Zea mays. This was done as an attempt to 
further analyse the impact of MoS2 on the plant cells.  
 
 
1.7 Summary 
In conclusion, nanoparticles have many possible applications for enhancing plant growth and 
crop yield, and for reducing the impact of disease and adverse conditions. The MoS2 
nanosheets have only ever been tested once before within plant systems, while being a type of 
nanoparticle with high potential for use with plants. It has been shown to have slightly 
beneficial effects when applied to Oryza sativa, while showing no noticeable phytotoxicity or 
other negative effects. It is possible that it could have applications for enhancing 
photosynthesis, transporting biomolecules and drugs, and acting as plant nutrition when it is 
degraded, due to precedent established by previous research. For these reasons, research 
based on MoS2-plant interactions is highly important for the advancement of scientific 
understanding in the field of the application of nanoscience to plants. 
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2. Research Plans and Aims of the Project 
2.1. Aims of the project 
The aims of this project are: 
1. To investigate if Arabidopsis thaliana and Zea mays plants show any stress response 
or signs of phytotoxicity after MoS2 application to the leaves. 
2. To determine if MoS2 has the capability of passing into naked Arabidopsis thaliana 
protoplasts. 
3. To investigate if MoS2 is capable of sticking on the leaf surface.  
4. To determine if there is a significant difference between the responses of different 
plant species that are exposed to MoS2. 
 
2.2. Project design 
To complete different objectives of the project, Arabidopsis thaliana and Zea maize were 
taken as candidates for the study. MoS2 nanoparticle treatments of varying concentrations 
were applied to the leaves of both species. The treated plants were either examined for H2O2 
production or callose production, since both are signs of plant toxicity. H2O2 production was 
examined with DAB staining 1 hour after treatment, and then viewing the leaves under bright 
field microscopy. Callose production was examined with callose extraction and measuring 
fluorescence with a microplate reader 7 days after treatment. Protoplast isolation was 
performed on 3 week old untreated Arabidopsis thaliana. These protoplast were then treated 
with MoS2 and were viewed under bright field microscopy. 
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1. Methodology 
3.1 Planting and growing Arabidopsis thaliana 
The soil used for growing Arabidopsis thaliana and Zea mays plants was prepared by 
filtering all-purpose garden soil mix (Brunnings Garden Product Pty Ltd, Australia), in order 
to filter out the larger woodchips that could interfere with the seedling transfers. Arabidopsis 
thaliana of the ‘Col 0 Old’ variety were planted and grown with a modified version of the 
methods described in previous literature (Foster R & Chua N-H 1999). Sterilised Arabidopsis 
thaliana seeds were inserted into Murashige and Skoog (MS) agar plates. For the creation of 
1 L of MS agar plates 4.4 g MS Basal Medium, 30 g Sucrose, 8 g Bacteriological Agar, and 1 
L of deionized water (dH2O) were mixed in a 2 L conical flask. The solution was allowed to 
stir for 5 minutes with a magnetic stirrer. The pH was adjusted to 5.7, using 1 M potassium 
phosphate monobasic (KH2PO4) to lower the pH or 1 M potassium phosphate dibasic 
(K2HPO4) to increase the pH.  
The resulting solution was subsequently autoclaved for 2 hours, and poured into standard 100 
mm Petri plates in a laminar flow. The MS agar was left to dry for 30-40 minutes. The 
sterilisation of Arabidopsis seeds was done with a modified method. Within a clean laminar 
flow, Arabidopsis seeds were tapped into a 1.5 mL microfuge tube. The seeds were washed 
with 1 mL of sterilisation solution (50 μl hydrogen peroxide, 500 μl 100% Ethanol, and 450 
μl sterile deionized water.) for 5 minutes. The microfuge tube was then centrifuged, and the 
sterilisation solution was removed. The seeds were subsequently washed with 1 ml sterile 
deionized water for 2 minutes, and then centrifuged to remove the sterile deionized water. 
The sterile deionized water wash step was repeated a total of 3 times. The seeds were 
suspended in 3% w/v bacteriological agar within the microfuge tube. The seeds mixed in the 
bacteriological agar were taken up with a 1 ml pipette with sterile tips, and they were 
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carefully dropped and evenly spread into the MS agar plates. The MS agar with the seeds 
were incubated for 2-3 days at 4°C. After incubation the seeded MS agar plates were inserted 
into a growth cabinet at 21°C, in a 10h / 14h light / dark cycle. Seven days after being in the 
growth cabinet the Arabidopsis seedlings on the MS agar plates were transferred into pots. 
Small holes were dug and the roots of the seedlings were surrounded by the soil. Each 
transparent tray was filled with 7 pots, containing 5 seedlings in each pot. The bottom of the 
trays was covered with water, which was replenished every 2-3 days. The trays were covered 
with lids for 2 days, after which the lids were removed. The seedlings were allowed to grow 
within the growth cabinet under the same conditions, until they were ready for further 
experimentation.  
 
3.2 Planting and growing Zea mays 
Zea mays seeds of the ‘Early Lemming’ variety sterilised within a 500 mL beaker. 80% 
ethanol was poured into the beaker and stirred with the seeds for 30 seconds. After the 80% 
ethanol was removed, the seeds were stirred in sterile dH2O for 10 seconds. Subsequently, the 
seeds were stirred in 2% bleach for 2 minutes, and washed in sterile dH2O 3 times for 10 
seconds. The seeds were then spread on a paper towel within a long non-transparent tray, in 
order to prevent exposure of the seeds to light. The paper towel was soaked with dH2O and 
the tray was covered with a lid. The tray was then placed in a growth cabinet (21°C, in a 10h 
/ 14h light / dark cycle) for 3 days, and the seeds were allowed to incubate in the dark. After 3 
days, the tray was opened and the seeds were transferred into pots.  
They were organised into trays with 6 pots each, and 5 seeds within each pot. The most active 
seeds were selected, which was determined by root length. These active seeds were inserted 
into deep holes dug into the soil of the pots, with the roots facing downwards. The bottom of 
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the trays was covered with water, which was replenished every 2-3 days. The seeds were 
allowed to grow within the growth cabinet under the same conditions, until they were ready 
for further experimentation. 
 
3.3 Preparation of MoS2 concentrations  
MoS2 in NMP was provided by Yichao Wang (Deakin University, Australia). The size of the 
MoS2 nanosheets had a lateral dimension that was less than 50 nm and a thickness that was 
less than 10 nm. Microfuge tubes (2 ml) were filled with 2 ml MoS2 and N-Methyl-2-
pyrrolidone (NMP) solution and were centrifuged at 13000 rpm for 20 minutes. The 
supernatants were removed, and the pellets of MoS2 were suspended in 200 μl ethanol. The 
MoS2-ethanol from all the microfuge tubes was then consolidated into one pre-weighted 2 ml 
microfuge tube. The 2 ml microfuge tube was centrifuged at 13000 rpm for 20 minutes. The 
supernatant was removed and weighted with the MoS2 pellet, in order to determine the 
weight of the MoS2 by difference. The MoS2 pellet was resuspended in enough dH2O to make 
a 2000 μg/ml solution, for the solutions that were applied on the Arabidopsis thaliana. For 
the solutions that were applied on the Zea mays, 0.1% Triton X-100 was used to suspend the 
MoS2 instead of dH2O. This liquid solution contained 0.1% Triton X-100 because it is a 
surfactant. The Triton x100 was utilized in order to ensure that the applied droplets would 
stay on the highly hydrophobic leaf of the Zea mays. An ultrasonicator was utilised for 
resuspending the MoS2 with dH2O. Additional concentrations of MoS2 in water or 0.1% 
Triton X-100 were made with serial dilution. The final concentrations that were made were 
2000, 1000, 500, and 250 μg/ml of MoS2.  
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3.4 Treatment of Arabidopsis thaliana leaves with MoS2  
The ‘Col 0 old’ Arabidopsis thaliana plants were treated with differing concentrations of 
MoS2, 7 days after they were transferred from the MS agar plates into the pots. Each treated 
group contained five pots, with five Arabidopsis thaliana plants in each pot; a total of 25 
plants across all pots. MoS2 concentrations of 2000, 1000, 500, and 250 μg/ml were applied to 
the leaves of the Arabidopsis plants, with each pot containing a different concentration. The 
fifth pot was the control group, where dH2O was applied to the leaves of the plants, instead of 
a concentration of MoS2. MoS2 was applied to the leaves as a liquid solution, which was 
prepared in section 3.3. The application of the MoS2 to the Arabidopsis thaliana was done 
inside a laboratory fume hood, in order to prevent the spillage of MoS2 into the environment, 
as well as exposure to the nanoparticle. The MoS2 was applied in the form of 5 μl droplets on 
the leaves of the plants. Each plant had three of its leaves treated with the 5 μl droplets of 
MoS2 concentrations or water. The petioles of those leaves were marked with a black marker, 
so that they could easily be distinguished from the leaves that were not treated. The 
Arabidopsis thaliana plants were then stored back into the growth cabinet (21°C, in a 10h / 
14h light / dark cycle) and left to resume growth for up to 7 days, before experimentation. 
The Arabidopsis plants were watered every 2-3 days during this time period. 
 
3.5 Treatment of Zea mays leaves with MoS2  
The ‘Early Lemming’ Zea mays plants were treated with differing concentrations of MoS2, 
seven days after the seeds were potted. Each treated group contained five pots, with five Zea 
mays plants in each pot; a total of 25 plants across all pots. MoS2 concentrations of 2000, 
1000, 500, and 250 μg/ml with 0.1% Triton X-100 were applied to the leaves of Zea mays, 
with each pot containing a different concentration of MoS2. The fifth pot was the control 
17 
 
group, where only 0.1% Triton X-100 was applied to the plant, instead of a concentration of 
MoS2. MoS2 was applied as a liquid solution, which was prepared in section 3.3. The 
application of the MoS2 to the Zea mays was done inside a laboratory fume hood, in order to 
prevent the spillage of MoS2 into the environment, as well as exposure to the nanoparticle. 
The MoS2 was applied in the form of 5 μl droplets on the leaves of the plants. Each plant had 
two of its leaves treated with the 5 μl droplets of MoS2 concentrations or water. The leaves 
were marked with a black marker next to where the droplets were placed, so that the areas 
could easily be distinguished from the areas that were not treated. The Zea mays plants were 
then stored back into the growth cabinet (21°C, in a 10h / 14h light / dark cycle) and left to 
resume growth for up to 7 days, before experimentation. 
 
3.6 Protoplast isolation and brightfield microscopy of Arabidopsis thaliana  
Protoplast isolation for Arabidopsis thaliana was conducted as described in the “Transient 
Expression in Arabidopsis Mesophyll Protoplasts” protocol (Sheen 2002; Yoo, Cho & Sheen 
2007). Three week old Arabidopsis thaliana plants had their leaves cut on filter paper 
carefully with razor blades, in order to avoid wounding. The leaf strips of approximately 10 
cut Arabidopsis thliana leaves were digested within a Petri dish with 5 ml of 
cellulose/macerozyme solution. The cellulose/macerozyme solution contained 1.5% cellulose 
R10, 0.4% macroenzyme, 0.4 M mannitol, 20 mM potassium chloride (KCl), 20 mM 2-(N-
morpholino)ethanesulfonic acid (MES), 10 mM calcium chloride (CaCl2), 2 mM β-
mercaptoethanol, and 0.1% Bovine Serum Albumin (BSA). The Petri dish was wrapped with 
aluminium foil in order to prevent exposure to light, and it was incubated overnight at room 
temperature.  
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The Petri dish was gently unwrapped on the next day, and the cellulose/macerozyme solution 
was checked to ensure that it was green. The enzyme solution containing the protoplasts was 
filtered into a 50 ml centrifuge tube, through a 35-75 μm nylon mesh. W5 (154 mM sodium 
chloride, 125 mM calcium chloride, 5 mM potassium chloride, 2 mM MES) solution was 
poured on the nylon mesh to assist the protoplasts with passing through it. The centrifuge 
tube was spun at 100x g for 2 minutes. The supernatant was discarded and the protoplast 
pellet was resuspended in W5 solution. The resuspended protoplasts were kept in ice for 30 
minutes. Afterwards, the amount of healthy protoplasts was counted and calculated with a 
haemocytometer.  
In a 1 ml microfuge tube, 500 μl of W5/protoplast solution was added with 500 μl of 1000 
μg/ml MoS2 solution, resulting in a 500 μg/ml MoS2 solution. In the control microfuge tube, 
500 μl W5/protoplast solution was added with 500 μl additional W5 solution. These solutions 
were then examined under bright field microscopy, in order to determine the effects of the 
500 μg/ml MoS2 solution on the protoplasts of the Arabidopsis thaliana. Photographs and 
time series of the protoplasts were taken with a ZEISS ZEN microscope and were exported 
for further analysis. This experiment was repeated three times. 
 
3.7 H2O2 detection with DAB staining in Arabidopsis thaliana and Zea mays 
A 1 mg/ml 3,3′-Diaminobenzidine (DAB) stain was prepared according to the instructions of 
the “Detection of Hydrogen Peroxide by DAB Staining in Arabidopsis Leaves” protocol 
(Daudi, Arsalan and Jose A O'Brien 2012). A 50 ml centrifuge tube with 50 mg DAB and 45 
ml sterile deionized water was prepared. The centrifuge tube was stirred with a small 
magnetic stirrer, and the pH was reduced to 3.0 by adding 0.2 M hydrochloric acid (HCl) 
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until the pH was lowered enough. The tube was covered with aluminium to protect the light-
sensitive DAB. The tube was left to stir overnight, until the DAB was thoroughly dissolved.  
On the next day, 25 μl of Tween 20 (0.05% v/v) and 2.5 ml of 200 mM disodium phosphate 
(Na2HPO4) was added the DAB solution while it was still stirring. This resulted in a 10 mM 
disodium phosphate DAB staining solution with a higher pH. Three leaves of each 
Arabidopsis thaliana and two leaves of each Zea mays were treated with 2000, 1000, 500, or 
250 μg/ml MoS2 or deionized water for 1 hour. The treated leaves of the Arabidopsis thaliana 
were severed from the plants. For the Zea mays groups, the parts of the leaves that had the 
solutions applied were sectioned off, by cutting off three of their edges.  
The leaves were then placed into 12-well microtiter plates, with 2 ml of DAB staining 
solution in each well. The microtiter plates with the Arabidopsis thaliana were then gently 
vacuum filtrated in a desiccator for 5 minutes. The microtiter plates with the Zea mays were 
vaccum filtrated for 10 minutes instead, because of their higher hydrophobicity. The 12-well 
plate was covered in aluminium foil, to protect the light-sensitive DAB staining solution. The 
plates were then placed on a standard laboratory shaker for 4 hours at 80-100 rpm shaking 
speed.  
Once the incubation was over, the aluminium foil was removed. The DAB staining solution 
was removed with a 1ml pipette and 2 ml bleaching solution (ethanol: acetic acid: glycerol = 
3: 1: 1) was pipetted into each well. The 12-well plate was boiled in a water bath at 90-100 
°C for 15 minutes, which bleached out the chlorophyll of the leaves, while leaving the brown 
precipitate intact. After the boiling was step was finished, the bleaching solution was 
discarded and replaced with 2 ml of fresh bleaching solution in each well. The plate was 
allowed to stand at room temperature for 30 minutes. Then the plate was stored at 4 °C for up 
to 4 days. The leaves were later visualized under bright field microscopy, with the use of a 
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ZEISS ZEN microscope. The formation of the brown precipitate formed by the reaction of 
the DAB and the hydrogen peroxide was observed, and photographs were taken for further 
analysis. This experiment was repeated three times. 
 
3.8 Callose extraction and quantification in Arabidopsis thaliana and Zea 
mays 
For the callose extraction and quantification of Arabidopsis thaliana and Zea mays that have 
been treated with MoS2, a method was utilised from previous literature (Kohler. A, 
Schwindling. S & Conrath. U 2000). Arabidopsis thaliana and Zea mays were treated with 
2000, 1000, 500, or 250 μg/ml MoS2 or dH2O for as described in sections 3.4 and 3.5. Seven 
days after the application of MoS2, 50 mg of Arabidopsis leaves or Zea mays leaf sections 
were placed in a 1.5 ml eppendorf tube with 80% ethanol. The leaf tissue was left in a 
laboratory shaker at 20 rpm, to decolorize for 7-10 days.  
After 7-10 days the tissue was thoroughly homogenized with a mortar and pestle. The tissue 
and 2 ml of ethanol were inserted in a 2ml centrifuge tube, which was then centrifuged for 20 
minutes at 12000 xg. The ethanol was then removed from the tube and the leaf pellet was 
dissolved in 300 μl Dimethyl sulfoxide (DMSO). The centrifuge tube was then boiled on a 
laboratory hotplate at 90 °C for 30 minutes. After boiling, the tube was cooled and 
centrifuged at 12000 xg for 5 minutes. The supernatant was transferred into a fresh centrifuge 
tube. For the quantification of the callose, 100 μl of supernatant was added to 200 μl of 1 M 
NaOH and 1.2 ml loading mixture. 1 ml of loading mixture contained 400 μl of 0.10% aniline 
blue, 590 μl of 1M glycine/NaOH buffer, and 210 μl of HCL. A loading mixture with 400 μl 
of dH2O instead of aniline blue was also made for the negative control. The tubes were mixed 
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vigorously and were incubated at 50 °C for 20 minutes. The tubes were then allowed to cool 
at room temperature for 30 minutes.  
The resulting solutions were then added to a 96 well microplate. Different rows were used for 
the controls and the samples with the aniline blue stain. Four repeats of each experiment were 
done in each microplate and the results were averaged, in order to account for possible errors. 
The 96 well microplate was then inserted into a microplate reader and the fluorescence was 
measured at 393 nm excitation and 479 nm emission. The results were recorded and exported 
to Microsoft Excel for further analysis.  
The average fluorescence of the repeats for the negative controls was subtracted from the 
average fluorescence of the samples, so that any fluorescence that was not due to the callose 
could be eliminated. A callose standard curve was also prepared with known concentrations 
of callose. The concentrations of callose that were utilised were 200, 150, 100, 50 and 1 
μg/ml. These standards were prepared in the same way as the samples that were scanned. A 
total of 100 μl of standards was added to 200 μl of 1 M sodium hydroxide (NaOH) and 1.2 ml 
loading mixture. One ml of loading mixture contained 400 μl of 0.10% aniline blue, 590 μl of 
1M glycine/sodium hydroxide buffer, and 210 μl of hydrochloric acid (HCL). These 
standards also had their fluorescence measured at 393 nm excitation and 479 nm emission, 
with 4 repeats which were averaged. This experiment was repeated three times. 
 
4. Results 
4.1. Protoplast isolation of Arabidopsis thaliana leaves 
The protoplast isolation of the Arabidopsis thaliana leaves yielded some healthy protoplasts. 
However, the majority of the observed protoplasts were clearly unhealthy or already lysed by 
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the time they were viewed under the miscroscope. Investigation of the control group of the 
protoplasts revealed some healthy protoplasts (fig. 3). 
 
Figure 3: x100 magnification of a protoplast isolation of the Arabidopsis thaliana control group. These protoplasts were 
observed without the interference of MoS2 nanoparticles. While most of the protoplasts were lysed, there were some that 
were healthy enough to be examined. The healthy protoplasts are all shown marked with arrows. These protoplasts still 
maintained the integrity of their cell membrane, as well as their chloroplasts. 
The chloroplasts maintained their health for up over 20 minutes before they would begin their 
deterioration. The signs of their deterioration are clearly visible in the time series recordings 
in the Appendix.  
The group of Arabidopsis thaliana protoplasts that were treated with 500 μg/ml MoS2 had the 
vast majority of the protoplasts lysed, with only a few that were intact by the time that they 
were viewed under the microscope. As seen in fig. 4, there were almost no protoplasts left in 
the group that was treated with 500 μg/ml MoS2. 
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Figure 4: x400 magnification of a protoplast isolation of the Arabidopsis thaliana group that was treated with 500 μg/ml 
MoS2. Most of the protoplasts have lysed. The MoS2 nanoparticles are clearly visible as the dark grey sections in the 
background, in comparison to the control (fig. 1) which has no visible dark grey sections. 
In fig. 2 the MoS2 nanoparticle is clearly visible as the dark grey matter that is spread around 
the image. The control does not contain this dark grey matter, and the only difference 
between the two groups was the addition of the nanoparticle. Some of the protoplast debris in 
fig. 2 appeared to have been covered by the MoS2 nanoparticle, while others continued to 
float above it, as it sank to the bottom of the well of the microscope slide. While there were 
almost no live protoplasts left in the 500 μg/ml MoS2 group, there were a few outliers that 
were recorded as a time series for 20 minutes (Appendix). These live protoplasts all appeared 
to be floating above the sunken MoS2 nanoparticles. Upon closer examination at x400 
magnification, it can be observed that the MoS2 nanoparticle colour changed to a very light 
orange in regions where it was less concentrated (fig. 4). 
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Figure 5: X400 magnification of a protoplast isolation of the Arabidopsis thaliana group that was treated with 500 μg/ml 
MoS2. The protoplast indicated with the arrow is in the process of lysis. As can be seen in the magnified image in the 
lower left corner, the protoplast appears to have absorbed light orange MoS2 nanoparticles. 
As can be seen in figure 5, it appears that the MoS2 nanoparticles were able to enter one of 
the few intact protoplasts from the 500 μg/ml MoS2 group, before the protoplast was lysed. 
There are bright orange spots inside the protoplast that are much smaller than the bright green 
chloroplasts. 
4.2 DAB staining of Arabidopsis thaliana leaves 
The DAB staining of the Arabidopsis thaliana leaves was successful, as the leaf sections that 
were observed all had a brown stain on the petiole, where the leaves were cut (fig. 6).   
 
Figure 6: DAB stained petiole sections of Arabidopsis thaliana leaves. The first two on the left and the middle are from 
the control at 100x magnification. The third one on the right is from a 250 μg/ml MoS2 groups.  
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This indicates that sections that were under stress and exhibited phytotoxic reactions 
successfully produced H2O2. This H2O2 then reacted with the DAB stain to produce the 
brown colour.  
The DAB stained leaves from the control groups all appeared to be discoloured under the 
microscope. All of the leaves were mostly stained brown on the petiole, with the exception of 
two outliers that showed heavy signs of DAB staining on the leaf surface itself. 
 
Figure 7: x40 magnification image of Arabidopsis thaliana leaves. From the left: The first one is from the control groups, 
the second from the 250 μg/ml MoS2 groups, and the third one from the 500 μg/ml MoS2 groups. All of the leaves appear 
to be discoloured, with small sections containing DAB staining. There are no signs of major phytotoxicity. 
As can be seen in figure 7, the typical Arabidopsis thaliana leaf from the control group 
appeared to contain no notable features, except for small sections that were sometimes DAB 
stained. The Arabidopsis thaliana leaves from the 250 μg/ml MoS2 and the 500 μg/ml MoS2 
groups did not appear to be different from the ones in the control groups. They were similarly 
discoloured and contained very little DAB staining on their surface, except from the DAB 
stain on the petiole, where the leaves were cut. These leaves also showed no signs of 
nanoparticle presence on their surfaces when they were viewed under higher magnifications. 
However, microscopy of the 1000 μg/ml MoS2 and the 2000 μg/ml MoS2 groups yielded 
different results. While the leaves of both of these concentrations of MoS2 still appeared 
discoloured and with minimal DAB staining, they also had dark rings on their surfaces, which 
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were clearly visible even at x40 magnification (fig. 8). The surface ring from the 2000 2000 
μg/ml MoS2 groups was even visible with the naked and unaided eye. 
 
Figure 8: Upper left: x40 magnification image of an Arabidopsis thaliana leaf from the 1000 μg/ml MoS2 groups. Upper 
right: x40 magnification image of an Arabidopsis thaliana leaf from the 2000 μg/ml MoS2 groups. Lower left: x400 
magnification image of an Arabidopsis thaliana leaf from the 1000 μg/ml MoS2 groups. Lower right: x400 magnification 
image of an Arabidopsis thaliana leaf from the 2000 μg/ml MoS2 groups. The leaves appear to be discoloured. A dark 
ring is clearly visible on their surfaces. Upon closer inspection it appears to be MoS2. 
This surface ring appeared to occupy the external part of the droplets with which the leaves 
were treated.  When viewed under x100, x200, and x400 magnification, the ring’s features 
were easier to distinguish (Fig. 8). The rings of the 2000 μg/ml MoS2 groups were clearly 
thicker than those of the 1000 μg/ml MoS2 groups. The material that formed those rings was 
dark grey and appeared to clump together. This was clearly MoS2 that had stuck to the leaves, 
since it was not present in the control and because MoS2 nanosheets are held together by van 
der Waals forces. This is different to the smaller concentrations of MoS2 groups that showed 
no signs of remaining MoS2 on their leaves. Notably, there appeared to be no DAB staining 
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around the leaf areas where the MoS2 nanoparticles settled. This indicates that there was no 
additional H2O2 production, despite the presence of the MoS2 nanoparticles.  
Overall, the control, 250 μg/ml MoS2, and the 500 μg/ml MoS2 groups do not show any 
major signs of the presence of the MoS2 on the leaf when viewed under the miscroscope. 
However, the 1000 μg/ml MoS2, and the 2000 μg/ml MoS2 groups show clear signs of the 
presence of MoSs, because it has attached to the leaves. The presence of DAB stain does not 
seem to be significantly different between all of the treated groups. Even in the areas where 
the MoS2 has attached to the leaves, there appears to be no DAB stain presence. 
 
4.3 DAB staining of Zea mays leaves 
The DAB staining of the Zea mays leaves was successful, because the leaf sections that were 
observed had brown stains on the edges, where the leaves were sectioned off, or they had 
brown stains within and around their veins (fig. 9).   
 
Figure 9: Two Zea mays leaf sections with DAB staining. The one on the right is under x400 magnification, while the 
one on the left is at x40 magnification. The brown portions of the leaf are the parts where the DAB stain reacted with 
H2O2, which indicates a phytotoxic response. 
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This shows that the leaf sections that were under stress and exhibited phytotoxic reactions 
successfully produced H2O2. This H2O2 then reacted with the DAB stain to produce the 
brown colour.  
The DAB stained leaves from the control and the 250 μg/ml MoS2 groups all appeared to be 
discoloured under the microscope. All of the leaves had some degree of brown staining near 
the veins, with the midrib having a high amount of DAB stain, which made it appear as 
darker brown (fig. 10). 
 
Figure 10: x40 magnification image of a Zea mays leaves from the control and 250 μg/ml MoS2 groups. The left picture 
is a control, while the right picture is from the 250 μg/ml MoS2 group. The leaves appears to be discoloured. The 
wounded areas of the midrib are marked by the arrows. These wounded areas appear to have a high amount of DAB 
stain, indicating H2O2 production. 
As can be seen in figure 10, the typical Zea mays leaves from the control and 250 μg/ml 
MoS2 groups appeared to contain no notable features, except for the veins and the midribs, 
which were stained with DAB on the edges. This DAB indicates that the sectioning of the 
leaves produced a phytotoxic response, since there was H2O2 presence. Viewing of the 250 
μg/ml MoS2 leaf sections under higher magnifications at x100, x200, and x400 did not result 
in any significant findings. The leaves still looked unchanged, and the presence of the MoS2 
nanoparticles was undetectable. 
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The 500 μg/ml MoS2 groups had some differences to the 250 μg/ml MoS2 groups and the 
control groups. The edges of the leaf sections still showed signs of DAB staining, similar to 
the previous groups. However, there were strange features present on the leaf surface, and 
they were visible at x40 magnification (fig. 11). 
 
Figure 11: x40 and x200 magnification images of a Zea mays leaf from the 500 μg/ml MoS2 groups. The leaf appears to 
be discoloured, and it has DAB stained areas on the edges. MoS2 appears to be have stuck on the surface of the Zea mays 
leaf, forming a curved trail. 
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The surface features were small and dark. They appeared to form trails at the external part of 
the droplets with which the leaves were treated.  When viewed under x100, x200, and x400 
magnification, the ring’s features were easier to distinguish (Fig. 11). 
As can be seen under x200 magnification, the dark ring on the surface of the leaves from the 
500 μg/ml MoS2 groups is composed of MoS2 nanoparticles that have been attached to the 
surface of the leaf. The nanoparticles form a curved path that appears to be the outline of the 
droplet with which the leaf was treated. This is different to the previous groups that showed 
no signs of MoS2 on their leaves. There was no visible DAB staining around the MoS2 trail in 
figure 11, which suggests that there was no H2O2 production in the areas with the 
nanoparticle. 
The DAB stained leaves from the 1000 and 2000 μg/ml MoS2 groups all appeared to be 
discoloured under the microscope. All of the leaves were only stained brown on the edges. 
When viewed under x40 magnification, the leaves from the 1000 and 2000 μg/ml MoS2 
groups appeared to be to have a more intense trails of MoS2 on their surface than the 500 
μg/ml MoS2 groups (Fig. 12).  
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Figure 12: Upper left: x40 magnification image of a Zea mays leaf from the 1000 μg/ml MoS2 groups. Upper right: x40 
magnification image of a Zea mays leaf from the 2000 μg/ml MoS2 groups. Lower left: x200 magnification image of an 
Arabidopsis thaliana leaf from the 1000 μg/ml MoS2 groups. Lower right: x200 magnification image of an Arabidopsis 
thaliana leaf from the 2000 μg/ml MoS2 groups. The leaves appear to be discoloured. A dark ring is clearly visible on 
their surfaces. Upon closer inspection it appears to be MoS2. 
The notable surface features appeared to be more visible than in the 500 μg/ml MoS2 groups. 
They appeared to form rings at the external part of the droplets with which the leaves were 
treated.  When viewed under x100, x200, and x400 magnification, the ring features were 
easier to recognize as MoS2 (Fig. 12). Under x200 magnification, it can be seen that the dark 
ring on the surface of the leaves from both the 1000 and 2000 μg/ml MoS2 groups is 
composed of MoS2 nanoparticles that have been attached to the surface of the leaf. The 
nanoparticles form a curved trail similar to that of the 500 μg/ml MoS2 groups.  This trail 
appears to be the outline of the droplet with which the leaf was treated. The dark MoS2 rings 
on the leaves of the 2000 μg/ml MoS2 groups were visible enough to be seen with the naked 
eye and without the visual aid of the microscope. There appears to be no visible DAB 
staining around the MoS2 trails that can be seen in figure 12, which indicates a lack of H2O2 
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production in the areas with the nanoparticle. This implies that there is no plant toxicity 
caused by the MoS2. 
Overall, the control and the 250 μg/ml MoS2 groups did not appear to have any signs of the 
presence of MoS2 on the leaf when viewed under the microscope. However, the 500, 1000 
and the 2000 μg/ml MoS2 groups show clear signs of the presence of MoS2, because it has 
attached to the leaves. The presence of DAB stain does not seem to be significantly different 
between all of the treated groups. There appears to be no presence of DAB stain in the areas 
where the MoS2 nanoparticle is present. This is true even in the areas where the nanoparticle 
is particularly concentrated. 
 
4.4. Results of Callose extraction of Arabidopsis thaliana leaves 
A callose standard curve was prepared by using the average value from three separate tests 
with β-1,3 glucan standards with concentrations of 200, 150, 100, 50, and 10 μg/ml.  
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Figure 13: Graph of the callose standard curve. It was generated using standards with concentrations of 200, 150, 100, 
50, and 10 μg/ml. The R2 values was 0.9682. The equation for the line of best fit was y = 0.152 + 11.133. 
The data from the callose standard curve appeared to have a linear relationship, with the 
linear trend line having an R2 value of 0.9682 (fig. 13). This indicates that the linear 
relationship was very strong. As the β-1,3 glucan concentration increased, the fluorescence 
intensity also increased. The β-1,3 glucan concentrations of 10, 50, 100, 150 and 200 μg/ml 
resulted in average fluorescence intensities of 9.972, 20.751, 28.411 and 33.891 respectively. 
The equation for the linear trend line from the callose standard curve was y = 0.152x + 
11.133. 
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Figure 14: Graph of the average MoS2 concentration (μg/ml) against the average fluorescence intensity for the 
Arabidopsis thaliana leaf samples (excitation: 393, emission: 479). The fluorescence for each repeat of the experiment 
was measured a total of four times, its positive control’s fluorescence was subtracted and then the results were averaged 
out. This was done for all 3 repeats of the experiment, which were then all averaged out. 
The data from the average fluorescence intensity of Arabidopsis thaliana samples appeared to 
have a very weak linear relationship, with the linear trend line having an R2 value of 0.1437 
(fig. 14). Such a low R2 value indicates that there is likely no relationship between the 
concentrations of MoS2 that were applied to the leaves and the fluorescence intensity that was 
observed. The variance in fluorescence intensity between the different applied concentrations 
of MoS2 was rather small, with the biggest difference in fluorescence being between the 
control group and the 500 μg/ml groups. These groups had a difference of only 1.59, which 
makes it possible that the observed differences were due to random chance or variables that 
have not been accounted for. The values of fluorescence intensity are so minor that the 
equation from the callose standard curve, did not prove to be useful. Every result that was 
entered into the equation y = 0.152x + 11.133 resulted in negative values. What can be 
determined for certain is that the average concentration of β-1,3 glucan for every MoS2 
concentration was below 10 μg/ml, which is a very low amount. 
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Repeats 2000.00 1000.00 500.00 250.00 0.00 
Group 1 1.69 1.30 3.81 1.22 0.85 
Group 2 2.54 2.21 1.91 2.97 1.02 
Group 3 1.71 1.78 1.15 2.17 0.24 
Average 1.98 1.76 2.29 2.12 0.70 
Table 1: MoS2 concentration (μg/ml) versus the observed fluorescence intensity in Arabidopsis thaliana (excitation: 393, 
emission: 479). All 3 repeats of the callose extraction experiment are represented, and the average values that were 
derived from the 3 repeats. 
When viewed in more detail in table 1, it can be seen that there was a small amount of 
variance between the different repeats. On the repeats of the 2000 μg/ml MoS2 treatment, the 
fluorescence intensities were 1.69, 2.54 and 1.71, with an average of 1.98. The 1.69 and 1.71 
values are incredibly similar, with the value of 2.54 being larger than both of them. On the 
repeats of the 1000 μg/ml, the fluorescence intensities were 1.30, 2.21 and 1.78. None of 
these values were as close to each other as the ones from the 2000 μg/ml treatment. The 
average fluorescence intensity from the 1000 μg/ml MoS2 applications was 1.79. The 
fluorescence intensities that were observed from the repeats of the 500 μg/ml treatments were 
3.81, 1.91 and 1.15. These fluorescence intensities were the ones that showed the most 
variance, and it is likely that the first repeat of the 500 μg/ml treatment was an outlier. The 
average fluorescence intensity from the 500 μg/ml MoS2 applications was 2.29. When treated 
with 250 μg/ml MoS2 the Arabidopsis leaves resulted in fluorescence intensities of 1.22, 2.97 
and 2.17. The average fluorescence intensity from the 250 μg/ml MoS2 application repeats 
was 2.12. The repeats from the control has the lowest fluorescence intensities. The 
fluorescence intensities of the controls were 0.56, 1.02 and 0.24. This resulted in an average 
of a 0.70 fluorescence intensity between the three repeats. 
From all this data it can be concluded that the control had the lowest amount of fluorescence 
intensity across all repeats, with its average being lower as well. The groups that were treated 
with MoS2 all had higher fluorescence intensities, which indicates that they likely had more 
β-1,3-glucan than the control. However, the average fluorescence intensities of the 
Arabidopsis plants that were treated with MoS2 did not appear to follow any determinable 
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pattern. Instead of the highest concentration of 2000 μg/ml having the highest average 
fluorescence intensity, it was the groups that were treated with 500 μg/ml MoS2 that showed 
the highest average fluorescence intensity. However, the average fluorescence intensities of 
all the MoS2 concentration treatments appeared to be very similar overall, which implies that 
the amount of MoS2 does not directly correlate to the amount of callose that was observed. 
This is further supported in figure 14, where the R2 value of 0.1437 indicates that there is 
almost no correlation between the amount of MoS2 treatment and the resulting fluorescence 
intensity that was observed. In addition, the values of all the observed fluorescence intensities 
are so low that the equation of the callose standard curve cannot accurately calculate their 
corresponding callose amounts. This means that the amount of callose that was observed was 
likely insignificant, and could be the product of slight variation.  
 
 
4.5 Results of Callose extraction of Zea mays leaves 
The same callose standard curve that was used for the Arabidopsis thaliana, was also utilized 
for the callose extraction of the Zea mays (fig. 13).  
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Figure 15: Graph of the average MoS2 concentration (μg/ml) against the average fluorescence intensity for the Zea mays 
leaf samples (excitation: 393, emission: 479). The fluorescence for each repeat of the experiment was measured a total of 
four times, its positive control’s fluorescence was subtracted and then the results were averaged out. This was done for all 
3 repeats of the experiment, which were then all averaged out. 
The data from the average fluorescence intensity of Zea mays samples appeared to have a 
weak linear relationship, with the linear trend line having an R2 value of 0.4161 (fig. 15). 
Such a low R2 value indicates that there is likely a weak or no correlation between the 
concentrations of MoS2 that were applied to the leaves and the fluorescence intensity that was 
observed. The variance in fluorescence intensity between the different applied concentrations 
of MoS2 was very minor, with the biggest difference in fluorescence being between the 2000 
μg/ml group and the 250 μg/ml group. These groups had a difference of only 0.93, which 
makes it probable that the observed differences were due to random chance or unaccounted 
for variable. The values of fluorescence intensity were all very minor. This resulted in the 
equation from the callose standard curve not being a useful tool for the calculation of the 
amount of callose that was extracted from the Zea mays leaves. Every result that was entered 
into the equation y = 0.152x + 11.133 (fig. 15) resulted in negative values. From this it can be 
inferred that the average concentration of callose for every MoS2 treatment was below 10 
μg/ml, which is a very minor amount. 
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Repeats 2000.00 1000.00 500.00 250.00 0.00 
Group 1 2.10 3.54 1.87 1.58 2.28 
Group2 2.78 0.98 1.19 0.93 1.56 
Group 3 1.38 1.24 1.66 0.95 1.66 
Average 20.80 1.92 1.57 1.15 1.83 
Table 2: MoS2 concentration (μg/ml) versus the observed fluorescence intensity for Zea mays (excitation: 393, emission: 
479). All 3 repeats of the callose extraction experiment are represented, and the average values that were derived from 
the 3 repeats. 
When observed with more detail in table 2, it can be seen that there was a small amount of 
variance between the different repeats of the experiment. On the repeats of the 2000 μg/ml 
MoS2 treatment, the fluorescence intensities were 2.10, 2.78 and 1.38, with an average of 
2.08. On the repeats of the 1000 μg/ml, the fluorescence intensities were 3.45, 0.98 and 1.24. 
All of these values were significantly different to each other, with the value of 3.54 from the 
first repeat possibly being an outlier. The average fluorescence intensity from the 1000 μg/ml 
MoS2 applications was 1.92. The fluorescence intensities that were observed from the repeats 
of the 500 μg/ml treatments were 1.87, 1.19 and 1.66. These fluorescence intensities did not 
show much variance between different repeats of MoS2 applications. The average 
fluorescence intensity from the 500 μg/ml MoS2 applications was 1.57. When treated with 
250 μg/ml MoS2 the Zea mays leaves resulted in fluorescence intensities of 1.58, 0.93 and 
0.95. The average fluorescence intensity from the 250 μg/ml MoS2 application repeats was 
1.15, which is the lowest average fluorescence intensity out of any MoS2 treatment. It is even 
lower than that of the control. The fluorescence intensities of the controls were 2.28, 1.56 and 
1.66. This resulted in an average of a 1.83 fluorescence intensity between the three repeats. 
From all this data it can be concluded that the 250 μg/ml MoS2 repeats had the lowest amount 
of fluorescence intensity across all Zea mays treatment groups, with its average being lower 
as well. The rest of the groups that were treated with MoS2 all had higher fluorescence 
intensities, as well as the control group. This indicates that they likely had more callose than 
the 250 μg/ml MoS2 treatment repeats. However, the average fluorescence intensities of the 
treated Zea mays plants that did not appear to follow any determinable pattern. While the 
39 
 
highest concentration of 2000 μg/ml had the highest average fluorescence intensity and the 
1000 μg/ml MoS2 group had the second largest fluorescence intensity, it was the control 
group that that showed the third highest average fluorescence intensity.  
The average fluorescence intensity of the control group was also nearly as large as those of 
the 2000 and 1000 μg/ml MoS2, as they were 1.83, 2.08 and 1.92 respectively. The average 
fluorescence intensity of the 500 and 250 μg/ml MoS2 treatments was lower than that of the 
control group, at 1.57 and 1.15 respectively. However, the average fluorescence intensities of 
all the treatments appeared to be similar overall, which implies that the amount of MoS2 does 
not directly correlate to the amount of callose that was observed. This is also suggested by the 
average fluorescence intensity of the control being higher than those of two of the groups that 
were treated with MoS2. This is further supported in figure 15, where the R2 value of 0.4161 
indicates that there is a small to non-existent correlation between the amount of MoS2 
treatment and the resulting fluorescence intensity that was observed. In addition, the values of 
all the observed fluorescence intensities are so low that the equation of the callose standard 
curve cannot accurately calculate their corresponding callose amounts. This means that the 
amount of callose that was observed was likely insignificant, and could be the product of 
slight variation.  
5. Discussion 
Nanoparticles can have a wide variety of different effects on plants. There have been 
numerous studies that have showed that nanoparticle application can influence plants to 
develop signs of phytotoxicity. For example, MSNs have been documented to cause 
phytotoxicity when applied to plants with doses that contain high concentrations (Sun et al. 
2014). In addition, sodium silicate (Na2SiO3) and octahedral molybdenum nanoparticles have 
also caused phytotxicity when applied to plants in high concentrations (Suriyaprabha et al. 
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2014; Aubert et al. 2012). However, it has also been shown that in doses with lower 
concentrations some nanoparticles can be beneficial for plant growth and seed germination. 
For example, Tridax procumbens L had improved seedling vigour and increased germination 
rates after being treated with biogenic nanoparticles (Ushahra, Bhati-Kushwaha & Malik 
2014). Furthermore, an additional study has provided evidence that the addition of Anatase 
Nanoparticles (TiO2) to parsley can have positive effects on its germination rate (Dehkourdi, 
EH, & Mosavi, M 2013).  
Some of the signs that toxicity has manifested in plants were studied in this research project. 
DAB staining was utilised in order to determine if there was a high amount of H2O2 
production of Arabidopsis thaliana and Zea mays leaves that were treated with MoS2. 
Hydrogen peroxide is a very diverse molecule in terms of its functions in plant systems and it 
functions as a signalling molecule. In the past twenty years, there has been increasing 
evidence that indicates that H2O2 is involved in plant stress responses. However, it is not 
completely clear how it interacts with phytohormones, and how exactly the signalling is 
involved with biological processes that can be observed in plants. Its small size, high 
diffusability and status as a free radical means that it can contribute to complex biological 
functions in plants (Leshem et al.1998). H2O2 manifests in plants quickly after they develop 
phytotoxicity, which made it a good candidate for study. In addition, the amount of callose 
deposition was studied, because callose is also a good indicator of phytotoxicity (Kauss, 
Jeblick & Domard 1989). Callose deposition is a very common plant reaction. It likely occurs 
so that the passage of a stress agent through the tissue is restricted. Callose builds up in the 
form of a physical barrier that can isolate the affected area and protect it from further 
damage. Both of these methods of studying phytotoxicity on plants have precedent and have 
been tried and tested with nanoparticles in previous literature. For example, in 2016 a study 
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focused on nanostructured liquid crystalline particles (NLCP) where both methods were 
utilized in order to detect phytotoxicity in various model plant (Nadiminti et al. 2016).  
Molybdenum disulfide was a nanoparticle that had never been tested with plants in the 
literature when this research project began, which made it especially important to study. 
However, another study was published this year that showed the impact of molybdenum 
disulfide on Oryza sativa rice plants (Li et al. 2018). That study was a very important start for 
the investigation of the effects of MoS2 in plants, and my research here can help provide 
further insight into the topic. My research showed that MoS2 is very likely to have minor to 
non-existent toxic effects to Arabidopsis thaliana and Zea mays when applied in the form of 
droplets on the leaves. The DAB staining indicated that even in higher concentrations the 
MoS2 nanoparticles do not cause the release of oxygen radicals such as H2O2. The MoS2 
concentrations of 250, 500, 1000 and 2000 μg/ml seemingly caused no increase of H2O2 on 
the leaves; even in the areas where the droplets were applied.  
The callose extraction results were not as clear as the DAB staining results. The callose 
deposition appeared to have some randomness in its variation, as there was no linear 
relationship between the amount of MoS2 that was applied and the callose deposition. 
However, it was apparent that the amount of callose that was extracted was incredibly minor 
across all the treatments; being less than 10 μg/ml for every sample. This indicates that MoS2 
application to the leaves likely caused no major plant toxicity. These findings are consistent 
with the previous study that examined the effects of MoS2 on Oryza sativa rice plants (Li et 
al. 2018). That study also showed that MoS2 does not cause any major toxicity on plants for 
MoS2 concentrations of up to 500 μg/ml. My study added further evidence for this claim, 
while it additionally tested MoS2 concentrations of up to 2000 μg/ml, which is significant 
because it allowed to observe the effects of higher concentrations. In addition, my study used 
different plant species for the application of MoS2, which expands the amount of tested 
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species and indicates that the lack of phytotoxicity of MoS2 is likely not restricted to specific 
plant species. My study investigated Arabidopsis thaliana and Zea mays, while Li et al. 
investigated Oryza sativa in 2018. That is three different plant species that appear to not have 
been negatively affected by MoS2 to any significant degree. The methods that my study 
utilized are also different to those of the Oryza sativa MoS2 study (Li et al. 2018). As 
mentioned earlier, my study utilized DAB staining and callose extraction to search for signs 
of phytotoxicity by detecting H2O2 and callose. The Oryza sativa MoS2 study focused on 
studying the chlorophyll content, lipid peroxidation, antioxidase systems, and aquaporins of 
the Oryza sativa plants (Li et al. 2018).  
The addition of further methods that confirmed the lack of phytotoxic effects of MoS2 
provides some significance to this study and it further establishes that MoS2 does not 
negatively impact plants to any significant degree. Additionally, my study focused on the 
effects of MoS2 on 7 day old plants that were treated with 5 μl droplets of MoS2 once. 
However, the Oryza sativa MoS2 study focused on the effects of long term treatment with the 
nanoparticle, and also provided insight to the effects of treating the roots and the seeds. Both 
studies contribute to our understanding of the effects of MoS2 by taking different approaches 
and reaching similar conclusions. During my research I also discovered that MoS2 has the 
capability of sticking on the leaves of plants. MoS2 stuck onto the leaves of both Arabidopsis 
thaliana and Zea mays in the higher concentrations of 1000 and 2000 μg/ml. At a MoS2 
concentration of 500 μg/ml only the Zea mays had MoS2 stuck on the leaves after DAB 
staining. However, it is worth noting that Zea mays treatments contained the Triton X-100 
surfactant, which may have contributed to the adhesion of the MoS2 to the leaf surface. 
Another possibility is that the different physiology of the Zea mays leaf is somehow 
responsible. Another aspect that needs to be noted is that these interactions were observed 
after rigorous processes that may have contributed to the removal of the MoS2 from the 
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leaves. The leaves were moved with forceps, which could scrape the surface of the leaves. In 
addition, the bleaching of the chlorophyll of the leaves may have contributed to the shedding 
of MoS2, as the leaves were bleached with bleaching solution (ethanol: acetic acid: glycerol = 
3: 1: 1) and was boiled in a water bath at 90-100 °C for 15 minutes. The combination of this 
solution and the high temperature of the water bath may have been factors that facilitated the 
removal of MoS2.  
However another explanation is that the MoS2 in the lower concentration groups was 
absorbed by the plant, while the groups with higher concentrations had too much MoS2 to 
absorb in such a short time frame. The Oryza sativa MoS2 study has already shown that MoS2 
can be taken up by plants, which lends some credence to this possibility and indicates that it 
warrants further investigation (Li et al. 2018). Regardless of whether some of the MoS2 was 
absorbed into the leaf, the finding that MoS2 has the capability of sticking on the surface of 
plant leaves is significant. A previous study has shown that bioclay that sticks on plant leaves 
can be beneficial due to its capability of facilitating the controlled release of stored drugs and 
other substances (Mitter et al. 2017). These interactions warrant further study because of the 
possibility that MoS2 could someday be used commercially for drug delivery into plants.  
The protoplast isolation of the Arabidopsis thaliana was not very successful. This is primarily 
due to two different factors; the amount of healthy protoplasts that were isolated, and the 
sinkage of the MoS2 nanoparticles to the bottom of the well slides that were used.  The 
amount of healthy protoplasts that were extracted were not enough for a thorough study of 
the effects of MoS2 on isolated protoplasts. In addition, the sinkage of the MoS2 likely 
resulted in some protoplasts being crushed by the weight of the nanoparticle, due to the lack 
of integrity of protoplast cell membranes (Sheen 2002; Yoo, Cho & Sheen 2007).  It is even 
possible that the MoS2 nanoparticles contributed to cell death by crushing the protoplast 
while mixing.  
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However, the protoplast isolation showed that the protoplasts may be capable of absorbing 
MoS2. There was one protoplast what was observed internalizing small MoS2 nanoparticles 
before lysis. Generally, healthy protoplasts that were in nanoparticle solution did show the 
ability to survive for more than 20 minutes, similarly to the control group. However, since the 
bulk of MoS2 had sank to the bottom of the well slide this is not a very reliable indicator, 
especially since the majority of healthy protoplasts were floating freely in the solution. For 
more reliable results, the protoplast isolation would need to be repeated again with different 
methodology. One possible way that could make the protoplast isolation more successful 
would be to view the treated protoplasts within a flat slide. This would ensure that the MoS2 
cannot sink very deeply compared to the floating protoplasts. However, a flat slide would 
crush the sensitive protoplasts, so tape could be utilized to slightly lift up the coverslip. 
Overall, this project has been successful in showing that MoS2 nanoparticles do not cause 
major phytotoxicity in Arabidopsis thaliana and Zea mays. Even with high concentrations on 
the leaves, the plants were seemingly unaffected by the MoS2, which implies that exposure to 
the nanoparticle is not harmful. This is further supported by a recent study on the effects of 
MoS2 on Oryza sativa, which reached a similar conclusion (Li et al. 2018).  In fact, this 
recent study indicated that MoS2 may be slightly beneficial to plants. Another important 
finding of my study was that the MoS2 nanoparticles have the capability of sticking to the leaf 
surfaces of Arabidopsis thaliana and Zea mays. This finding has possible implications for 
further use of this nanoparticle with plants. It is possible that MoS2 could be utilised for the 
controlled release of stored drugs and other substances, similarly to how it has been 
previously performed with nanoclay (Mitter et al. 2017). With the implications of these 
findings it is important for more research to be done with MoS2 nanoparticles and different 
plant species, so that more evidence can be gathered to further solidify that MoS2 is not toxic 
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to plants. In addition, more research is warranted for the possibility of drug delivery with the 
use of MoS2 as a vehicle for the controlled release of drugs that are important for crops. 
 
6. Future Prospects for the Project 
While this study provided a start to the investigation of the effects of MoS2 to plants, there is 
still a large amount of work that can be done. The scope of this study primarily included the 
investigation of phytotoxicity in plants that were treated with differing concentrations of 
MoS2 on their leaves. It was found that there was little to no phytotoxicity caused by the 
application of MoS2 to the leaf surfaces of Zea mays and Arabidopsis thatliana. It was also 
found that MoS2 has the capability of sticking onto leaf surfaces. However, exposure to MoS2 
for an extended period of time was beyond the scope of this study. The application of MoS2 
to seeds and the roots of plants were also beyond the scope of this study. Another recent 
study on the effects of MoS2 on Oryza sativa did address these unfilled gaps however (Li et 
al. 2018). The Oryza sativa study indicated that application of MoS2 for extended periods did 
not result in significant phytotoxicity. It also demonstrated that MoS2 can have slightly 
beneficial effects to plants. These benefits warrant further investigation.  
In the future, MoS2 application should be studied with more model plants, so that there it is 
ensured that MoS2 does not cause phytotoxicity across many plant species. In addition, the 
uptake of MoS2 from the roots of Arabidopsis thaliana and Zea mays should be investigated 
in order to ensure that the results are similar to the Oryza sativa study (Li et al. 2018). 
Furthermore, the capabilities of MoS2 as a drug carrier need to be studied in detail. The 
capacity of functionalization for the storage of drugs needs to be experimented on, as well as 
the ability of the possibility that MoS2 might be capable of degrading on the leaf surface. 
Bioclay provides a precedent of a biodegradable nanoparticle that can stick on the surface of 
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plant leaves. These properties make it potentially useful for the controlled release of the 
stored drugs (Mitter et al. 2017). If it is discovered that MoS2 has a similar set of properties, it 
could be a good alternative for bioclay for drug delivery.  
Another aspect that warrants investigation is the mechanics behind the interactions between 
MoS2 and plants. In general, the fundamental causes of the interactions between nanoparticles 
and plants are currently poorly understood, as the use of nanoscience with plants is a practice 
that is still in its infancy. However, that makes it even more important that in depth analysis 
of the fundaments causes of these interactions is carried out. By understanding the reasons 
why certain nanoparticles can be beneficial to plant growth and development it may be 
possible to eventually develop new nanoparticles that are specifically designed to be used 
with plants. 
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